Genomic imprinting is an epigenetic phenomenon that leads to parental allele-specific gene expression (Bartolomei and Ferguson-Smith 2011) . Since the discovery of this phenomenon, allele-specific DNA methylation has been the only underlying mechanism (Bartolomei and Ferguson-Smith 2011) . Allelic DNA methylation at the germline imprinting control regions (ICRs) is differentially established during gametogenesis and protected from the wave of global epigenetic reprogramming upon fertilization (Hanna and Kelsey 2014) .
Recently, we discovered that oocyte-inherited H3K27me3 can also serve as a primary imprinting mark to regulate dozens of maternally imprinted genes, including Xist, in mouse preimplantation embryos (Inoue et al. 2017a,b) . Oocyte-specific H3K27me3 domains are established during oogenesis by the Polycomb-repressive complex 2 (PRC2) (Cao et al. 2002) and are specifically maintained on the maternal allele, which can orchestrate paternal-specific gene expression in mouse early embryos . Although the majority of the putative maternal H3K27me3-regulated imprinting genes exhibit transiently imprinted expression in mouse early embryos, at least five (i.e., Gab1, Phf17, Sfmbt2, Smoc1, and Slc38a4) maintain the imprinted expression to placenta and play an important role in placental development (Itoh et al. 2000; Sachs et al. 2000; Miri et al. 2013; Inoue et al. 2017a; Matoba et al. 2018) .
To determine whether asymmetric H3K27me3 distribution is also correlated to allelic gene expression in human early embryos, we profiled both allelic gene expression and allelic H3K27me3 distribution in human morulae. The analysis revealed that human morula H3K27me3 is enriched at developmental gene promoters and tends to overlap with DNA partially methylated domains (PMDs). Importantly, H3K27me3 exhibits maternal-biased distribution and is enriched at promoters of several paternally expressed genes (PEGs) that do not contain germline differential DNA methylation. Taken together, our data suggest that maternal-biased H3K27me3 could regulate paternal-biased gene transcription in human early embryos.
Results and Discussion
H3K27me3 is enriched at developmental gene promoters in the human morula To investigate the general distribution of H3K27me3 in the early human embryo, we profiled H3K27m3 using the cleavage under targets and release using nuclease (CUT&RUN) assay (Skene et al. 2018 ) with morulae pooled from two separate couples. In parallel, to determine whether any allelically expressed gene is regulated by H3K27me3 in human early embryos as in mice (Inoue et al. 2017a) , we also performed single morula RNA sequencing (RNA-seq) using 15 morulae from five different couples ( Fig. 1A) . To infer the allelic information from the RNA-seq and the CUT&RUN data, maternal cumulus cells from the five couples were genotyped by wholeexome sequencing (WES) and/or whole-genome sequencing (WGS) ( Fig. 1A ; Supplemental Table S1 ).
We first evaluated reproducibility of the two H3K27me3 CUT&RUN libraries generated using morulae from two [Keywords: allele-specific gene expression; genomic imprinting; maternal-biased H3K27me3; DNA methylation; human morulae] pairs of couples. Even though only seven to eight morulae from each couple were available for the CUT&RUN assay, the two H3K27me3 CUT&RUN replicates showed high reproducibility (Supplemental Fig. S1A ). Additionally, consistent with the notion that H3K27me3 is a transcription repressive histone modification (Martin and Zhang 2005) , H3K27me3 enrichment is negatively correlated with gene expression (Fig. 1B) . These results confirm the reliability of the H3K27me3 data sets and serve as the foundation for further analyses.
In mice, H3K27me3 is enriched at the promoters of developmental genes (e.g., Hox clusters, Pax and Sox families) in oocytes but is depleted upon fertilization and begins to be re-established at the blastocyst stage (Zheng et al. 2016) . However, in contrast to mice (Supplemental Fig. S1B ), classical Polycomb targets including the HOX clusters, PAX6, and SOX3 showed evident enrichment of H3K27me3 in human morulae (Fig. 1C ). In addition, global analysis of H3K27me3 distribution revealed that H3K27me3 in human morulae, but not in mice (Supplemental Fig. S1C ), is enriched at a subset of gene promoters, similar to that in embryonic stem cells (ESCs) ( Fig.  1D ; Liu et al. 2016; Zheng et al. 2016) . The top 1500 genes with H3K27me3-occupied promoters are enriched for "developmental processes"-related gene ontology terms (Supplemental Fig. S1D ). These findings are consistent with the known function of Polycomb proteins in regulating developmental genes and suggest that H3K27me3 at promoters may already begin to play a role in regulating gene transcription in human morulae.
Global H3K27me3 tends to overlap with PMDs in the human morula
In mice, although promoter H3K27me3 in oocytes is reprogrammed upon fertilization and becomes equalized with the paternal allele, maternal distal H3K27me3 domains are largely inherited, which leads to allele-specific H3K27me3 distribution during the preimplantation stage (Zheng et al. 2016 ). In addition, because de novo DNA methylation during oogenesis is transcription dependent (Chotalia et al. 2009; Veselovska et al. 2015) , transcribed regions in oocytes overlap with DNA hypermethylated domains, whereas nontranscribed regions are associated with PMDs and H3K27me3 peaks (Zheng et al. 2016) . Similar to these observations, H3K27me3 in human morulae also tends to overlap with PMDs exemplified by genome browser views ( Fig. 2A ). To gain further support for this initial observation, we identified PMDs (regions with length >10 kb and average DNA methylation level <40%) (see Supplemental Material) using the human morula whole-genome bisulfite sequencing (WGBS) data (Zhu et al. 2018 ) and found that, indeed, a subgroup of PMDs is enriched with H3K27me3 ( Fig. 2B ). To determine colocalization of H3K27me3 within PMDs, we identified H3K27me3 domains shared by both CUT&RUN data sets (Supplemental Fig. S2A,B ; Supplemental Material) and found that the majority of H3K27me3 domains were located in morula PMDs (77.3%, 11,182 out of 14,455, vs. random regions: 49.7%, 7191 out of 14,455) ( Fig. 2C ). Collectively, these results suggest that, similar to mouse, human H3K27me3 enrichment in early embryos tends to overlap with PMDs, consistent with the reverse relationship between DNA methylation and H3K27me3 (Bogda-novićet al. 2011; Zheng et al. 2016) .
H3K27me3 is biased toward the maternal allele in the human morula
To determine whether H3K27me3 in human morulae exhibits allelic-biased distribution, we identified parentalspecific single-nucleotide polymorphisms (SNPs) in the H3K27me3 CUT&RUN data set from couple 2 by corroborating SNPs from the WGS data of cumulus cells ( Fig. 1A ; Supplemental Fig. S2C ). Analysis of reliable SNPs with sufficient CUT&RUN reads coverage (with more than 10 monoclonal CUT&RUN reads; on average, 19.7) revealed that the majority of the qualified SNPs (5126 out of 9504) are located within H3K27me3 domains. Allele-specific enrichment analyses using total SNPs indicated that H3K27me3 exhibits a strong bias toward the maternal allele ( Fig. 2D ; Supplemental Table S2 ). Contrary to the maternal-biased H3K27me3, the median of the RNA-seq allelic reads ratio is ∼0.5 ( Fig. 2D) , which is consistent with the fact that most genes are already biallelically expressed in human morulae (Xue et al. 2013) . We further confirmed this maternal-biased H3K27me3 distribution using another group of SNPs identified by corroborating the WES data of both couple 1 and couple 2 maternal cumulus cells ( Fig Maternal-biased H3K27me3 in the human morula Table S2 ). Thus, we conclude that H3K27me3 exhibits a maternal-biased distribution in human morulae.
A subset of PEGs harbor germline DNA differentially methylated regions
The maternal-biased H3K27me3 distribution in human morulae prompted us to ask whether such asymmetric distribution may correlate with paternal-biased gene expression. To this end, we performed single morula RNA sequencing using 15 morulae from five different couples (three morulae per couple) ( Fig. 1A) . Pairwise comparative analysis indicated that these samples exhibit high correla-tion (Supplemental Fig. S3A ; Supplemental Table S3 ). For identification of genes with paternal-biased expression, we first identified parental-specific SNPs in RNA-seq data sets by corroborating SNPs determined using WES data of the maternal cumulus cells and computed the allelespecific read counts at the gene level in each embryo (Supplemental Fig. S2C ; Supplemental Table S4 ). To minimize the false positives potentially caused by cis-regulatory effects or random allelic variation, only genes that showed consistent paternal-biased expression in at least two embryos were considered as PEGs. Through these analyses, we identified a total of 44 PEGs in human morulae (Fig.  3A) . Notably, several known maternally imprinted genes such as SNRPN, PEG10, and R3HCC1 were among the gene list (Court et al. 2014; Sanchez-Delgado et al. 2016) , validating our approach.
To determine the mechanism underlying the paternalbiased expression, we first examined germline differentially methylated regions (DMRs) by comparing the sperm and oocyte DNA methylome and identified 8109 oocyte hyper-DMRs (Supplemental Fig. S2C ). PEGs that are overlapped or are <10 kb from any DMRs are considered potentially regulated by allelic DNA methylation. We chose 10 kb as a cutoff because the majority of known mammalian germline DMRs are located within 10 kb of the nearby imprinted genes (Xie et al. 2012 ). Among the 44 PEGs, 17 are associated with maternal allele hyper-DMRs (Fig. 3A,B) . Notably, some of these PEGs (e.g., FDFT1, CYB5R2, PRKAP1B, TSPYL6, GAL, and MCTS2P) had been previously reported to be associated with transient germline DMRs in human early embryos, as these germline DMRs become either hypermethylated or hypomethylated in later development (Sanchez-Delgado et al. 2016) . Interestingly, WRB has been linked to comitant strabismus with a parent-of-origin effect in a GWAS study (Shaaban et al. 2018) , and its expression level in placenta of IVF embryos has been linked to its promoter methylation level and subfertility (Litzky et al. 2017) . Thus, our analysis not only confirmed the existence of imprinted expression regulated by transient DMRs in early human embryos, but also identified putative germline DNA methylation-independent PEGs.
A subset of putative DNA methylation-independent PEGs is associated with H3K27me3 domains Next, we explored whether the remaining 27 putative oocyte DNA methylation-independent PEGs could be potentially regulated by H3K27me3. To this end, we asked whether these 27 PEGs harbor promoter H3K27me3 domains and found five genes (i.e., DUSP4, EDNRB, ERO1LB, FAM101A, and MAGEB2) have H3K27me3 domains within their promoters (±2.5 kb of the transcription start sites) ( Fig. 4A; Supplemental Fig. S4A ). Because of various limitations in obtaining allelic information of human embryos (see below), only the H3K27me3 domain at the FAM101A promoter has been covered by an informative SNP. Importantly, the CUT&RUN reads at the SNP exhibited a maternal bias (maternal/paternal reads ratio = 3.3), which reversely correlated with the paternal-biased expression ( Fig. 3A) , suggesting that the maternal-biased H3K27me3 distribution is likely involved in its paternalbiased expression. Thus, the H3K27me3 imprinting mechanism initially discovered in mice is at least partly conserved in early human embryos.
Maternal-biased H3K27me3 in the human morula
In this study, we revealed that H3K27me3 domains in the human morula are largely overlapped with PMDs. We also showed that H3K27me3 at gene bodies is reversely correlated with transcriptional activity. These observations are consistent with previous reports in mouse embryos (Liu et al. 2016; Zheng et al. 2016 ). However, unlike mouse, in which H3K27me3 is generally depleted from Polycomb targets (i.e., HOXA cluster) upon fertilization (Zheng et al. 2016) , there is evident enrichment of H3K27me3 at developmental gene promoters in human morulae. These data suggest that H3K27me3 reprogramming at specific loci can take place in a species-specific manner during early embryonic development, and H3K27me3 could play a more important role in gene regulation during early embryogenesis in human than that in mouse.
Because the morulae pooled for each H3K27me3 CUT&RUN experiment were from the same couple, we were able to identify parental-specific SNPs and reveal maternal-biased H3K27me3 enrichment in human morulae. As with mice, the maternal-biased H3K27me3 signals are also likely to be inherited from oocytes (Zheng et al. 2016) . In support of this notion, H3K27me3 is localized specifically in the maternal pronuclei of human PN3 zygotes (van de Werken et al. 2014) , indicating the inheritance of H3K27me3 from the oocyte to zygotes. Additionally, the persistence of maternal-biased H3K27me3 also parallels with the longer persistence of oocyte-derived DNA methylation in human preimplantation embryos compared with that in mice (Zhu et al. 2018 ). However, we cannot rule out the possibility that the maternal-biased H3K27me3 at the morula stage is the result of a complete reprogramming followed by an unknown mechanism of maternal-specific deposition.
Maternal-biased H3K27me3 correlates with paternalspecific gene expression
Integrative analyses of DNA methylome and allelic RNAseq identified not only known canonical DNA methylation-dependent imprinted genes but also novel PEGs that do not contain germline DMRs. Of the five PEGs with promoter H3K27me3 domains, but not differential DNA methylation, FAM101A exhibited maternal-biased H3K27me3 enrichment and paternal-biased gene expression, suggesting that the maternal H3K27me3 is likely responsible for its paternal-biased expression. Unfortunately, unlike mice, which have a well-established SNP database generated by deep DNA sequencing of various inbred strains (Doran et al. 2016) , humans are more heterogeneous, and it would have been extremely costly Maternal-biased H3K27me3 in the human morula to perform deep sequencing to identify all the SNPs from all of the couples donating their embryos in this study. Because H3K27me3 presents at developmental gene promoters in human morulae, as with human embryonic stem cells (hESCs), extrapolating this result means that potentially more PEGs may be regulated by maternal-specific H3K27me3 in human morulae. Taken together, these data support the notion that gene silencing mediated by maternal-specific H3K27me3, possibly inherited from oocytes, may lead to paternal specific gene expression in human morulae.
Although the function of maternal-biased H3K27me3 in early human embryos remains unclear, the H3K27me3-associated imprinted genes identified in our study are known to play important roles in development. For example, FAM101A (also named CFM2) is involved in skeletal development. In mice, Cfm1 and Cfm2 double-knockouts showed severe skeletal malformation of the spine (Mizuhashi et al. 2014 ). In addition, mutation of EDNRB is the second most common genetic lesion associated with a congenital intestine malformation: Hirschsprung disease (Amiel et al. 2008 ). ERO1LB has a specific role in oxidative protein folding in pancreatic β cells and has been implicated in the regulation of glucose hemostasis (Zito et al. 2010) . Further studies are warranted to determine whether the imprinted expression of these genes can persist in later development and to understand whether such imprinted expression is functionally significant.
Limitations in identifying allelic transcripts using human embryos
It should be noted that the PEGs identified in this study are far from comprehensive because of the challenges in identifying imprinted genes in noninbred organisms, such as the human. In this study, only 4.4%-8.5% of the total genes have sufficient allelic information in each morula embryo to allow allelic transcriptional analysis. In addition, we requested at least two out of the 15 embryos to show paternal-biased expression to be qualified as PEG, which further limited the genes been analyzed. This could partly explain why only three known maternal imprinted genes are identified. Furthermore, only 6.7% (970 out of 14, 455) of H3K27me3 domains contain SNP information, which further restricts identification of H3K27me3relevant PEGs. The limited number of informative SNPs could be owing to the genetic nature between the couples, relatively rare mutations present in exons, and/or limitations in sequencing depth. Thus, we believe a lot more H3K27me3 imprinted genes should exist. Future studies using androgenetic and parthenogenetic embryos, which face the challenge of collecting large number of oocytes, should be able to address these issues for comprehensively identifying allelically expressed genes in humans.
Materials and methods

Human embryo and cumulus cell collection
Sample collection from patients undergoing IVF treatment at Brigham and Women's Hospital was approved by the Partners institutional review board under protocol number 2017P001711. All patients had signed a consent for donation of their otherwise discarded material for research. Morulae were generated by intracytoplasmic sperm injection (ICSI). 2-PN zygotes were cultured in Global Total medium (LifeGlobal) under 5% O 2 , 6%-7% CO 2 , and 88%-89% N 2 . Embryos that did not meet the criteria for clinical purposes but had developed to the morula stage were collected and stored at −80°C for molecular studies. Specifically, the morulae were collected on day 6, when normal embryos would grow into blastocyst stage. Despite the embryos were developmentally delayed, they were morphologically normal. Cumulus cells were collected from bloodfree cumulus pieces cut from oocyte-cumulus complexes (three complexes per patient). After exposure of the pieces to 60 IU/mL hyaluronidase, dispersed cells were rinsed before being collected and stored at −80°C for subsequent exome-seq and/or WGS.
Data availability
Both RNA-seq and CUT&RUN data sets generated in this study have been deposited in the Gene Expression Omnibus under accession GSE123023. The DNA methylome data for human oocyte, sperm, and morula were obtained from GSE81233. The H3K27me3 chromatin immunoprecipitation (ChIP) combined with high-throughput sequencing (CHIP-seq) data for mouse morula and mouse ESCs were obtained from GSE73952. The H3K27me3 ChIP-seq data for hESCs were obtained from Epigenomics Roadmap Project (Roadmap Epigenomics Consortium et al. 2015) .
